Rapid mixing, quenching, and filtration experiments with chloroplast thylakoid membranes, with energization by acid-base and provide the strongest present argument for the purported role of energy-linked conformational changes.
voring ATP formation. In 1973, Boyer et al. presented a new concept for ATP formation in oxidative phosphorylation-that one function of energy input to the phosphorylation complex is to release ATP through energy-requiring conformational change (1) . This concept was based principally on the relative insensitivity to uncouplers of the total Pi HOH exchange catalyzed by mitochondria. More recent measurements demonstrate that it is the medium and not the intermediate Pi HOH exchange that is uncoupler insensitive which indicates that deenergization by uncouplers also prevents Pi binding in a competent mode as well as ATP release (2) . These and other results in our laboratory support an alternating site sequence in which an energy-requiring conformational change promotes Pi and ADP binding in a manner capable of forming ATP at one catalytic site and simultaneously promotes release of ATP from the other site (3) .
Studies in several other laboratories that parallel our studies with isotopic probes, indicate that tightly bound adenine nucleotides found in competent membrane preparations or on ATPases isolated therefrom might participate in ATP synthesis. Adolfsen and Moudrianakis (4) suggest that ATPases might have sites that show alternate tight and loose binding of ATP and ADP. An important development from Slater's laboratory was the demonstration of several tightly bound adenine nucleotides present on each coupling ATPase from mitochondria or chloroplasts, leading to the suggestion that energy-requiring conformational changes might be involved in the release of the tightly bound ATP as a step in the catalytic sequence (5) .
No direct experimental evidence has been obtained that demonstrates the suggested conversion of a tightly bound ATP to loosely bound ATP as part of the catalytic process, although the tightly bound ADP and ATP have been found to exchange with medium ADP and ATP during several minutes of energization in intact chloroplast membranes (5) . The rates of such exchange and the relationship, if any, to the catalytic sequence have not been established. The 180-exchange data give evidence for energy-promoted binding of Pi and release of ATP, and provide the strongest present argument for the purported role of energy-linked conformational changes.
The purpose of this paper is to present data from msec mixing, quenching, and filtration experiments with chloroplast thylakoids that give direct evidence for the transitory presence of a tightly bound ATP in the catalytic sequence, and demonstrate a commitment of Pi and ADP to ATP formation at the catalytic site.
EXPERIMENTAL
[3H]ADP (New England Nuclear Corp.) was purified by applying a sample to a Dowex AG 1-X4 column (1 ml volume) and washing with 2 ml of H20, 5 ml of 0.2 M Tris-HCl at pH 8.0, and 3 ml of 30 mM HCL [3H]ADP, free from [3H]ATP, was eluted from the column with 4 ml of 60mM HCO and collected in a buffered reaction mixture.
Chloroplast thylakoid membranes were prepared as described by Smith et al. (6) and were used for experiments immediately after preparation. Membranes containing tightly bound radioactive nucleotides were prepared by light energization essentially as described by Harris Fig. lA show that addition of NH3 stops the reaction within 2-5 msec when the perchloric acid quench is taken as stopping in 0 msec. With the cold EDTA solution, the reaction is quenched within about 1-4 msec (Fig. 1B) . During ATP synthesis driven by an acid-base transition, a catalytic cycle on the CF1-ATPase is estimated to require about 9 msec. Although neither NH3 nor EDTA quenches as rapidly as perchloric acid, they act rapidly enough to give some information about the possible kinetic competency of substances detected by their use. In particular, these quenching agents provide a means of stopping the catalytic sequence and testing, through use of rapid filtration, which labeled substances are membrane-bound or free. Formation and release of ATP transitorily bound to
CF1
Experiments were designed to determine if an ATP that is transitorily bound to CF1 might be formed and released at the rapid rates required for ATP to be an intermediate in net ATP synthesis.
For these experiments, ATP synthesis is initiated by an acid-base transition. Previous results (6) show that with such a Results given in Fig. 3 show that immediately after mixing with excess unlabeled Pi or ADP, the labeling of ATP with both 3H and 32P continues for a short period at a rate as expected for a catalytic intermediate. ATP synthesis. A 0.5 ml chloroplast thylakoid suspension (600 pg/ml) in 10 mM NaCl was mixed with 0.5 ml of 10 mM succinate, 10 mM MgCl2, pH 3.8 for 30 sec and then rapidly mixed with a 1.0 ml solution at pH 8.2 containing 5 mM MgCl2, 0.2 mM ADP, 6 mM 32P1 (specific activity = 5 X 104 cpm/nmol) and 100 mM Tris-HCl. In one experimental series, net synthesis as measured with a perchloric acid quench was allowed to continue (see also Fig. 3 for typical continued net synthesis rate). In a second series, the samples were quenched at the indicated tii es with 2.0 ml of an ice-cold solution at pH 8 3 . Demonstration of committed Pi and ADP during phosphorylation by chloroplasts. A 0.5 ml chloroplast thylakoid suspension (600 ,tg/ml) in 10 mM NaCl was mixed with 0.5 ml of 10 of a membrane-bound ATP as a step in the catalytic sequence for ATP synthesis by chloroplast thylakoids. The data in Fig.  2 are particularly important in this regard. They show that within a few msec after mixing with 32P1, a membrane-bound [32P]ATP appears. As noted by comparison with the rate of total (bound and free) ATP labeling, the rate of formation of the membrane-bound ATP qualifies it as an intermediate in the catalysis. Also striking is the rapid release of the membranebound [32P]ATP to the medium following addition of an unlabeled Pi chase. Again, the rate of the transition qualifies the ATP release as a step in the catalysis.
Another point that needs emphasis is the evidence that the ATP that is transitorily bound is indeed in a tightly bound state. The detection of the membrane-bound [32P]ATP after NH3 or EDTA quenching even though 1 mM unlabeled ATP is present in the medium demonstrates that the bound ATP does not readily equilibrate with medium ATP. The mixing and quenching experiments in Fig. lb demonstrate that periments of Fig. 2, a few The results are in accord with reactions depicted by Eq. 1 as part of the catalytic sequence.
EADP-P; -E < ATP -(tightly bound) E-ATP [1] (loosely bound) In Eq. 1, the center dot depicts a readily reversible Michaelis complex, the bracket (<) an ATP with a very small dissociation constant (tightly bound). A transient, tightly bound ATP is required for the alternating site model presented elsewhere (3) .
Although the evidence for the transient formation of tightly bound ATP as an intermediate in the sequence appears convincing to us, it must be noted that the present detections are at the limits of our current methodology. The data do demonstrate that the formation and disappearance of the membrane-bound ATP is sufficiently rapid that such ATP is at least on one path for the net synthesis of ATP in the acid-base tranBiochemistry: Smith and Boyer -__ sition of chloroplast thylakoid membranes. It seems reasonable that the path indicated by Eq. 1 is the only route of synthe- Of considerable interest is the amount of tightly bound intermediates detected. Our estimates of the amount of CF1-ATPase present are based on Strotman's value of 1.3 nmol/mg of chlorophyll (8) and a molecular weight of 326,000 for the CF1-ATPase (10). On this basis, the total amount of committed Pi or ADP and tightly bound ATP exceeds one per CF1. Further, in the acid-base transition not all the CF1 molecules present may be active, and our values might underestimate the actual number of participating catalytic sites. On the other hand, if the value of Moudrianakis for the ratio of CF1 to chlorophyll (11) is used, the total level of bound components would be about one. If later better assessments of this simple stoichiometry give a value greater than one, then at least two catalytic sites per CF1-ATPase would be participating in ATP synthesis. This would be consistent with the alternating site model.
The presence of committed Pi and ADP indicate that early steps in the sequence for ATP formation by chloroplasts are poorly reversible. This is quite consistent with the weak Pi HOH and Pi ATP exchanges accompanying ATP synthesis by chloroplasts (12 Upon energization, such ADP should be released within the few msec required to achieve a steady-state rate of net ATP synthesis. The experiments reported in Fig. 4 suggest that [3H]ADP release approaches the rate required for kinetic competency. The requirement of about 20 msec for near maximum release could reflect some heterogeneity of the thylakoids for internal acid content or ATPase integrity. Also, it should be noted that the time required to achieve a near linear rate of ATP formation may be underestimated. The apparent linear rate for ATP synthesis after about 10 msec likely represents a balance between an increasing rate as factors contributing to a lag are overcome and a decreasing rate as the transient pH gradient is dissipated. This could result in an underestimate of the time required to achieve a linear rate. The data of Fig.  4 thus appear to give evidence for the tightly bound ADP being present on a catalytic site. They also suggest that the [3H]ATP that is rapidly released might also be on a catalytic site. Further experiments may clarify this point.
The 
